Human inflammatory bowel disease and experimental colitis models in mice are associated with shifts in intestinal microbiota composition, but it is unclear at what taxonomic/phylogenetic level such microbiota dynamics can be indicative for health or disease. Here, we report that dextran sodium sulfate (DSS)-induced colitis is accompanied by major shifts in the composition and function of the intestinal microbiota of STAT1 À / À and wild-type mice, as determined by 454 pyrosequencing of bacterial 16S rRNA (gene) amplicons, metatranscriptomics and quantitative fluorescence in situ hybridization of selected phylotypes. The bacterial families Ruminococcaceae, Bacteroidaceae, Enterobacteriaceae, Deferribacteraceae and Verrucomicrobiaceae increased in relative abundance in DSS-treated mice. Comparative 16S rRNA sequence analysis at maximum possible phylogenetic resolution identified several indicator phylotypes for DSS treatment, including the putative mucin degraders Akkermansia and Mucispirillum. The analysis additionally revealed strongly contrasting abundance changes among phylotypes of the same family, particularly within the Lachnospiraceae. These extensive phylotype-level dynamics were hidden when reads were grouped at higher taxonomic levels. Metatranscriptomic analysis provided insights into functional shifts in the murine intestinal microbiota, with increased transcription of genes associated with regulation and cell signaling, carbohydrate metabolism and respiration and decreased transcription of flagellin genes during inflammation. These findings (i) establish the first in-depth inventory of the mouse gut microbiota and its metatranscriptome in the DSS colitis model, (ii) reveal that family-level microbial community analyses are insufficient to reveal important colitisassociated microbiota shifts and (iii) support a scenario of shifting intra-family structure and function in the phylotype-rich and phylogenetically diverse Lachnospiraceae in DSS-treated mice.
Introduction
The human and animal intestinal tract provides a nutrient-and niche-rich ecosystem for trillions of symbiotic microorganisms. Cooperation between the host and its gut microbiota is largely beneficial for all partners, but shifts in microbiota composition can also violate this mutualism (dysbiosis) and result in severe intestinal disease. The lives of about 2 million and 1.4 million persons in Europe and the USA, respectively, are impaired by chronic intestinal disorders such as Crohn's disease or ulcerative colitis (Loftus, 2004) , two prominent examples of a range of inflammatory disorders of the intestinal mucosa collectively called inflammatory bowel disease (IBD) . IBD is the result of an imbalance in the interaction of symbiotic microorganisms, epithelium and immune system (Braun and Wei, 2007) . The composition of the gut microbiota is altered in patients with IBD (reviewed in Packey et al. (2009) and Reiff and Kelly (2010) ) and animal studies have demonstrated that the presence of microorganisms is important to elicit colitis (Kü hn et al., 1993; Dianda et al., 1997) .
16S rRNA gene sequencing approaches have provided a more comprehensive view of the individual gut microbiota of IBD patients, though a characteristic IBD microbiota has not been identified, which may be owing to inter-individual variability, different sampling strategies and differences in sequence data acquisition and analysis (Manichanh et al., 2006; Frank et al., 2007; Willing et al., 2010) . Many 16S rRNA-based surveys of intestinal microbiota use taxonomic classification as the primary tool for comparative analysis to identify taxa that are indicative of a certain host phenotype. For example, the Firmicutes/Bacteroidetes ratio has been suggested as an indicator of obesity (Ley et al., 2005; Armougom et al., 2009 ) (though exceptions have been reported (Murphy et al., 2010) ) and abundance of Enterobacteriaceae often correlate with inflammation (Lupp et al., 2007 ). However, the hierarchical level at which taxonomic units become biologically meaningful are not yet defined (Achtman and Wagner, 2008) . It thus remains unclear how important within-taxa variation is for different higher-level microbial taxa (that is, families, orders, phyla) in the intestines.
Animal models of disease are an important complement to human studies because they allow for targeted analyses of microbial, pathological and immunological aspects of IBD under well-defined and reproducible conditions (Nell et al., 2010) . A widely used approach to trigger intestinal inflammation in animal models is oral administration of the chemical irritant dextran sodium sulfate (DSS) (reviewed in Nell et al. (2010) and Okayasu et al. (1990) ). The DSS colitis mouse model shares some similarity to human ulcerative colitis (Okayasu et al., 1990) , though it is rather a model for acute inflammation-induced injury. Antibiotics can prevent colitis in the DSS model, indicating that microbiota have a role in inflammation (Rath et al., 2001) . DSS exerts a cytotoxic effect on the gut epithelium, resulting in higher mucus and intestinal permeability and acute barrier damage, which may increase transfer of pro-inflammatory microbial compounds across the gut epithelium (Kitakima et al., 1999; Mueller and Macpherson, 2006; Johansson et al., 2010) . Given its widespread use, it is surprising how few studies have investigated the gut microbiota after oral DSS administration. Previous studies using 16S rRNA gene fingerprinting (Heimesaat et al., 2007; Nagalingam et al., 2011) and sequencing of few 16S rRNA gene clones (o100) per animal (Lupp et al., 2007; Nagalingam et al., 2011) have given rise to different conclusions and there has been no investigation of shifts in microbiota functional potential or activity using metagenomic or metranscriptomic approaches. Therefore, a detailed and clear understanding of the structural and functional alterations of the intestinal microbiota in the DSS mouse model is absent.
This study aimed to identify correlations between inflammation, microbiota community composition and the microbial metatranscriptome in the DSSinduced colitis mouse model. The impact of type I and II interferon signaling, which is, among other stimuli, activated by viral and bacterial infection (Decker et al., 2005) and believed to have a role in both human IBD (Schreiber et al., 2002) and acute murine colitis (Bandyopadhyay et al., 2008) , was investigated with STAT1
À / À and wild-type (wt) C57BL/6N mice (Meraz et al., 1996) . 454 pyrosequencing of bacterial 16S rRNA gene and 16S rRNA complementary DNA amplicons was used to characterize the microbial community structure and to identify individual phylotypes significantly associated with health status, genotype or both (indicator phylotypes). Shifts in abundance of selected indicator phylotypes were confirmed by quantitative fluorescence in situ hybridization (FISH) . Differences between the microbial metatranscriptome of untreated and DSS-treated mice were identified by 454 pyrosequencing of cDNA prepared from the intestinal lumen.
Materials and methods

Animal experiments
Wt (n ¼ 5) and STAT1 À / À (n ¼ 5) mice (Durbin et al., 1996) 6-8 weeks of age were provided with 2% DSS (molecular weight: 36-50 kDa, MP Biomedicals, Santa Ana, CA, USA) in autoclaved drinking water ad libitum for 7 days, after which they received DSSfree autoclaved drinking water for an additional 3 days before sampling. Three of the five DSS-treated wt mice succumbed prematurely on day 9 and were thus not included in the sampling and analysis. Wt (n ¼ 5) and STAT1 À / À (n ¼ 5) control mice of the same age received DSS-free autoclaved drinking water for the entire 10 days. Upon euthanization, the cecum and colon were immediately removed and flushed with 7 ml of sterile, anoxic phosphatebuffered saline (136 mM NaCl, 2.6 mM KCl, 10 mM Na 2 HPO 4 , 1.7 mM KH 2 PO 4 , pH 7.2) pre-warmed to 37 1C. The excised cecum and colon were flushed together by injecting phosphate-buffered saline into the cecum via a syringe inserted into the hole derived from the separation of the cecum from the ileum. The luminal contents that then exited the rectum, including fecal pellets, were collected. Biopsy samples (B10 mg) prepared from colon tissue were snap frozen in liquid nitrogen. The intestine was fixed in 4% paraformaldehyde and prepared for both immunohistochemistry and pathology evaluation using an established method (Stevceva et al., 1999; Williams et al., 2001; Pflegerl et al., 2009) . Flushed lumen contents were homogenized, collected by centrifugation and either snap frozen for DNA and RNA purification or fixed in 2% paraformaldehyde overnight at 4 1C and then stored in 70% ethanol/30% phosphate-buffered saline at À 20 1C until analysis (see Supplemental Methods for more details). All animal experiments were discussed and approved by the institutional ethics committee and conducted in accordance with protocols approved by the Austrian laws (BMWF-66.006/0002-II/10b/2010).
DNA and RNA purification Nucleic acids were extracted using a phenol-chloroform bead-beating procedure (Griffiths et al., 2000) . DNA and RNA were purified with a kit (Qiagen AllPrep DNA/RNA Mini kit, Qiagen, Hilden, Germany), and for RNA isolation with an on-column DNase digestion performed according to the manufacturer's instructions (Qiagen). DNA and RNA quality and quantity were assessed with agarose gel electrophoresis, spectrophotometry (NanoDrop 1000, Thermo Scientific, Waltham, MA, USA) and microfluidic electrophoresis (Experion, Bio-Rad, Hercules, CA, USA). DNA and RNA purified from the same extractions were used for primer-targeted 16S rRNA (gene) as well as metatranscriptomic analyses.
Preparation of 16S rRNA (gene) amplicons PCR primers targeting a fragment of the 16S rRNA gene (V6-V9 region) of most bacteria were employed (909F, 5 0 -ACTCAAAKGAATWGACGG-3 0 and 1492R, 5 0 -NTACCTTGTTACGACT-3 0 ) (Berry et al., 2011) . In addition to the specific primers, pyrosequencing primers included the sequencing primer and an 8-nt barcode (Hamady et al., 2008) . Amplicon libraries were produced from DNA and RNA of both lumen contents (pooled cecum and colon) and biopsies. RNA was reverse transcribed and amplified using the Access RT-PCR System (Promega, Madison, WI, USA) and specific primers (909F/1492R). A twostep, low cycle number PCR procedure was used to amplify template DNA and cDNA, and to minimize bias associated with barcoded pyrosequencing primers as described previously (Berry et al., 2011) . PCR amplicons from triplicate amplifications were pooled and purified using Agencourt AMPure beads (Beckman Coulter Genomics, Brea, CA, USA) and quantified with a fluorescent-stain-based kit (Quant-iT PicoGreen, Invitrogen, Carlsbad, CA, USA).
Preparation of metatranscriptomic libraries
Total RNA from lumen (cecum and colon) biomass of replicate mice was pooled. Microbial rRNA was depleted and/or mRNA was enriched from pooled total RNA of control and DSS wt mice using a combination of the RiboMinus (Invitrogen), MicrobeExpress (Ambion, Austin, TX, USA) and/or MicrobeEnrich (Ambion) kits as indicated in Supplementary Table S1 . RNA of processed and non-processed samples was reverse transcribed using the SuperScript Double-Stranded cDNA Synthesis Kit (Invitrogen) with modifications. Briefly, first-strand cDNA was synthesized via incubation at 37 1C for 4 h and immediately used for second-strand synthesis (16 1C, 4 h). Doublestranded cDNA was purified by phenol extraction, residual RNA was digested (RNase A, Fermentas, Glen Burnie, MD, USA), and the remaining cDNA was again purified by phenol extraction.
Pyrosequencing
Pyrosequencing was performed with Titanium reagents on a 454 genome sequencer FLX (Roche, Basel, Switzerland) as recommended by the manufacturer. Pyrosequencing reads were quality filtered using the automatic amplicon pipeline of the GS Run Processor (Roche) to remove adapter sequences and low-quality reads. Reads were also quality filtered using LUCY (Chou and Holmes, 2001 ).
16S rRNA (gene) amplicon data analysis Sequencing reads were de-multiplexed using QIIME (Caporaso et al., 2010) and clustered with UCLUST (Edgar, 2010) into phylotypes (operational taxonomic units) at 97% identity (with a minimum length of 250 nt). Further details about data processing and quality control steps can be found in Supplemental Methods.
Taxonomic classification was made using the Ribosomal Database Project naïve Bayesian classifier (Wang et al., 2007) . Rarefaction curves, alpha diversity metrics and UniFrac distances ) calculated using QIIME (Caporaso et al., 2010) employed re-sampling (bootstrapping and jackknifing: 1000 re-samples) at below the size of the smallest library to avoid sample size-based artifacts (Lozupone et al., 2011) . Relative abundance correlation between pairs of phylotypes detected in at least two samples was performed in MATLAB (MathWorks, Natick, MA, USA) by calculating the Pearson correlation coefficient using amplicon libraries produced from lumen DNA. This analysis was also conducted with phylotypes divided into taxonomic families based on the results of the Ribosomal Database Project naïve Bayesian classifier. Non-parametric permutational multivariate analysis of variance (perMANOVA) was conducted using the 'vegan' package (Oksanen et al., 2010) was performed using the 'indicspecies' package in R (De Cáceres and Legendre, 2009) . The indicator species analysis determines the strength of the association between a phylotype and a condition and considers the relative frequency and abundance of phylotypes in target versus non-target conditions (De Cáceres and Legendre, 2009 ). To focus on dominant indicators, indicator phylotypes were selected that (1) were significantly associated with DSS-treated or healthy mice using indicator species analysis or correlation analysis (Po0.05), and (2) had an arithmetic average difference of 40.5% relative abundance between healthy and DSS-treated mice. Genotype-insensitive as well as genotypesensitive (that is, specific to either wt or STAT1 À / À ) indicator phylotypes were identified in separate analyses using data from DNA and cDNA templates. Representative indicator phylotype sequences were added to a bootstrapped RAxML phylogenetic tree as described in Supplemental Methods.
Metatranscriptomic data analysis
Metatranscriptomic sequencing data were analyzed following the double RNA analysis pipeline described by Urich et al. (2008) . Briefly, rRNA tags present in non-rRNA depleted samples (IDs 1, 6, 8, 9 Supplementalry Table S1) were taxonomically binned using MEGAN (Huson et al., 2007) and a custom reference database of small subunit rRNA sequences (Urich et al., 2008) . mRNA tags were compared against the NCBI non-redundant database using BlastX and taxonomically classified using MEGAN. Multiple mRNA libraries from the same condition were combined (wt control: IDs 1-5, wt DSS: IDs 6 and 7) (Supplementary Table S1 and S5). SEED categories were assigned using the MG-RAST Server (Version 2, significance threshold: E-value 10 À 5 ) (Meyer et al., 2008) . Statistically significant differences between metatranscriptomes of the pooled samples were identified using STAMP (STatistical Analysis between Metagenomic Profiles) (Parks and Beiko, 2010) . The abundance of selected transcripts was measured with quantitative PCR, as described in Supplemental Methods.
All pyrosequencing data in the study, including amplicon and metatranscriptomic data, are archived at NCBI Sequence Read Archive under Accession SRP008057.
Fluorescence in situ hybridization
Oligonucleotide probes specific for the 16S rRNA of target organisms were hybridized as described previously (Daims et al., 2005) (Supplementary  Table S2 ). Details about newly designed probes and re-evaluated published probes are available in Supplemental Methods. Hybridized samples were imaged on a confocal scanning laser microscope (Zeiss 510 Meta, Oberkochen, Germany) and duplicate hybridizations were performed on each sample for quantitative FISH. For each quantification, at least 20 fields of view ( Â 63) from each sample were analyzed with daime image analysis software (Daims et al., 2006) .
Results
Colitis development in the murine model Mice began to lose weight 6-7 days after the start of DSS treatment and weight loss continued until the end of the experiment on day 10. DSS treatment affected wt mice more than STAT1
À / À mice as demonstrated by the following observations: wt animals lost more weight on days 8, 9 and 10 (paired t-test, Po0.05), three succumbed prematurely on day 9 ( Figure 1a) ; and the intestinal tissue of the two remaining mice had more inflammatory infiltrate and more crypt damage on day 10, as determined by pathology scoring (Figure 1b , Supplementary Figure S1 Figure S4) , indicating that genotype differences are due to the presence and/or absence of rarer phylotypes. There were no significant differences in alpha diversity metrics between DSS treatment and control groups or between genotypes (Supplementary Table S4 ) and no consistent differences in rarefaction curves of samples from different genotypes and treatments (Supplementary Figure S5) . 16S rRNA gene libraries were used to compare shifts in bacterial taxon abundance between samples from untreated and DSS-treated mice. All relative abundance shifts stated below are arithmetic averages of replicates and statistically significant (Po0.05). The overall abundances of the dominant phyla Firmicutes (58-65%) and Bacteroidetes (27-31%) were not affected by DSS treatment, but taxa within these two phyla showed clear changes in abundance. DSS treatment increased abundance of unclassified Clostridiales (1.8-4.1%) in mice of both genotypes and of Ruminococcaceae (6-16%) in STAT1 Figure S6) .
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The abundance of Bacteroidaceae (1.6-4.4%) increased but abundances of unclassified Bacteroidales (16.5-9.6%) and Rikenellaceae (2.7-1.5%) decreased upon DSS treatment in both genotypes. The less abundant but consistently detected phyla, Proteobacteria, Verrucomicrobia and Deferribacteres, were each dominated by a single family or genus, Enterobacteriaceae, Akkermansia and Mucispirillum, respectively. Akkermansia increased in DSS-treated mice of both genotypes (ND (not detectable) to 2.2%), whereas Mucispirillum (0.2-1.6%) and Enterobacteriaceae increased in wt mice only (ND to 4%) (Supplementary Figure S6) . To determine if the degree of phylotype kinship influences phylotype dynamics, we compared the Pearson correlation coefficient of phylotype abundance and the genetic distance (that is, 16S rRNA sequence dissimilarity) between all phylotype pairs (using the 16S rRNA gene sequence reads) in control and DSS-treated wt and STAT1 À / À mice. Most phylotype pairs (98.3%) showed no significant correlation. Strong positive and negative correlations were present at varying levels of genetic distance, and there were far fewer strong negative correlations (Figure 2a) . The average correlation of phylotypes assigned to the same taxonomic family, which is a measure of the amount of ecological cohesion (Webb et al., 2002) , was in all cases positive, but showed substantial diversity (Figure 2b ). This diversity was attributable to both the number of phylotypes present in the family (that is, phylotype richness) and average within-family Murine gut microbiota shifts and transcriptome D Berry et al genetic distance. This variation in within-family characteristics was also observed when samples from control mice and DSS-treated mice were considered separately (Figure 2b ). Family-level ecological cohesion decreased with both increasing phylotype richness (R 2 ¼ 0.76) and, to a lesser extent, increasing average within-family genetic distance (R 2 ¼ 0.54) (Supplementary Figure S7) . The results of the correlation analysis suggested that family-level characterization could hide important health-state indicator taxa, and therefore a phylotype-level indicator analysis was subsequently performed on both 16S rRNA gene and cDNA data sets to identify phylotypes indicative of specific conditions (healthy vs DSS-treated and/or wt vs STAT1 À / À mice). Although 468 indicators were identified as statistically significant (Po0.05), only numerically dominant indicators, phylotypes with a mean relative abundance that was at least 0.5% greater in the condition for which they were indicators (for example, a shift from not detected to 0.5%, or of 1-1.5%), were examined to restrict the analysis to the more abundant members of the microbiota. In all, 61 numerically dominant indicator phylotypes were identified: 26 for healthy mice and 35 for DSS-treated mice (Figure 3) . A higher number of genotype-specific indicators were identified for DSS-treated mice (63%) than for untreated mice (27%) because a relatively large number of specific indicator phylotypes were identified in DSS-treated wt mice (17/35). Roughly half of the phylotypes were indicators for both RNA and DNA template (52%), but 39% appeared as indicators only for DNA and not RNA, which is most likely attributable to deeper sequencing of 16S rRNA amplicon libraries generated from DNA than from RNA. Most indicators of healthy gut microbiota were shared between both genotypes (19/26), though genotype-specific indicators were also observed ( Figure 3) .
All indicator phylotypes in the Ruminococcaceae and unclassified Clostridiales (that is, annotated as Clostridiales in Figure 3) were indicators for DSS treatment and all non-Bacteroidaceae Bacteroidales were indicators for untreated mice (Figure 3) , which was consistent with the shifts observed at the family level (above). Most of the indicator phylotypes, however, belonged to the Lachnospiraceae and did not cluster in phylogenetic analysis according to the condition for which they were an indicator (Figure 4) . Quantitative FISH using specific probes confirmed the sequencing data for four indicator phylotypes: Akkermansia muciniphila, Mucispirillum schaedleri and two Lachnospiraceae phylotypes ( Figure 5) . A strong correlation was observed between relative abundances as measured by FISH and by sequencing libraries (R 2 ¼ 0.80, Supplementary Figure S8) , confirming that relative shifts in abundant 16S rRNA (gene) phylotypes can be reliably monitored using the two-step PCR pyrosequencing approach (Berry et al., 2011) . Abundant phylotype targets, however, were consistently under-represented in sequencing libraries relative to FISH quantification, which may reflect PCR suppression of abundant sequences.
Metatranscriptomic analysis
Pyrosequencing was performed on cDNA obtained from total RNA as well as mRNA-enriched RNA. In the latter case, different enrichment strategies were tested, which resulted in up to 24% mRNA Table S1 ). The relative abundances of higher-level taxonomic groups determined with total RNA-derived 16S rRNA (data set sizes between 18 889 and 49 388 ribo-tags) were similar to 16S rRNA gene and cDNA amplicon libraries and also showed an increase in the orders Enterobacteriales, Verrucomicrobiales and Deferribacterales in DSStreated mice (Figure 6 ). No ribo-tags of archaea, protists or fungi were detected in any samples. Confirming this result, no yeasts were detected by FISH analysis (probe PF2, Supplementary  Table S2 . FISH data not shown), which is consistent with the reports of low and non-detection of fungi in human (Gosalbes et al., 2011) and piglet metatranscriptomes (Poroyko et al., 2010) , respectively.
Taxonomic binning of mRNA with MEGAN produced relative abundance profiles similar to those observed using 16S rRNA, with substantial contributions from the phyla Firmicutes, Bacteroidetes and Proteobacteria (Figure 6 ). This allowed us to assign these mRNAs with high confidence to the respective taxa. A global classification of mRNA using MG-RAST revealed several functional categories (level 1 subsystems) differentially abundant between untreated and DSS-treated mice of both genotypes (STAMP analysis: Po0.01, 10 for wt, 2 for STAT1 À / À ) (Supplementary Figure S9 , A and C). Notably, DSS treatment was associated with a marked decrease in flagellum-associated transcripts (level 3 subsystem), a shift that was attributable to (Yarza et al., 2008) , and information is in bold font when they share at least 97% sequence similarity. Dominant indicators are significantly associated with a specific condition and show 40.5% difference in relative abundance between two conditions (for details see Materials and Methods). The phylotypes are grouped and color coded according to the condition for which they are an indicator for each combination of treatment and genotype. Each column in the 'DNA template' and 'RNA template' blocks represents a sample from a single mouse. A representative sequence for each indicator phylotype is given in the supplement. Detailed information on sample numbers and sequencing depth is available in Supplementary Figure S3 . Figure 4 Phylogenetic tree of dominant indicator OTUs. Indicator phylotypes for DSS-treated (red) and control (blue) mice were added to a bootstrapped RAxML tree of full-length sequences via quick-add parsimony without modifying tree topology to demonstrate the approximate phylogenetic placement of indicators. The tree is expanded to show most phyla in (a) and the Firmicutes in (b). Living Tree Project reference sequences are indicated in bold font. Nodes with bootstrap support of at least 75% (J) and 90% (K) are marked and phylotypes that were quantified with FISH are indicated with a star. 
Discussion
Global shifts in microbial community structure in DSS-induced colitis To develop a deeper understanding of the structure and function of intestinal microbiota in the DSS model, this study investigated differences in lower intestinal microbiota in wt and STAT1
À / À mice with and without severe DSS-induced colitis. Wt mice experienced increased weight loss and colitis symptoms compared with STAT1 À / À mice ( Figures  1a and b) , as expected from a previous report (Bandyopadhyay et al., 2008) . Non-treated STAT1 À / À mice had a significantly different microbiota composition compared with wt mice (perMA-NOVA, P ¼ 0.019). This may indicate that STAT1 influences the interaction between commensals and the immune system, which is similar to the effect of a deficiency in the T-box transcription factor T-bet (Garrett et al., 2007) , and which may in part be due to role of STAT1 in regulating T-bet expression (Afkarian et al., 2002) . A confirmation of this hypothesis would require additional testing with littermate controls to rule out any possible maternal effects (Spor et al., 2011) . DSS-treated mice had a distinctive microbial community composition in the amplicon pyrosequencing libraries ( Supplementary  Figures S2-S4) , which was also observed in a study that used a shallower sequencing depth (based on 16S rRNA gene clone libraries) (Nagalingam et al., 2011) . Although it is most likely that shifts in the microbial community are caused by the severe inflammation, it cannot be ruled out that shifts are not also due to either a direct or indirect effect of the DSS itself. It has been shown, for example, that DSS increases intestinal mucus permeability and bacterial penetration to the epithelial tissue (Johansson et al., 2010) , which could be expected to open up new niches for the bacterial community before the onset of inflammation. Importantly, however, gut Figure 6 Taxonomic composition of mRNA and rRNA reads from metatranscriptome libraries. Assignment of rRNA (left) and mRNA (right) on the 'order' level was determined with MEGAN and the relative abundance of the major groups is presented as a color-coded stacked column graph for each of the pooled samples. Five replicate mice were pooled for all conditions except DSS-treated wt mice, which had two replicates. The abundance of reads that could not be classified is the difference between the total of each stacked column and 100%. The inset at the top of the figure is a magnification to more clearly show the change in relative abundance of less abundant groups. Con, control. microbiota is unable to degrade DSS under anoxic conditions (Kitajima et al., 2002) , a finding that we confirmed with in vitro incubations (data not shown). Loss in bacterial species richness has been reported in both DSS-induced colitis (Nagalingam et al., 2011) and human IBD (Willing et al., 2010; Walker et al., 2011) . In the present study, the mean bacterial phylotype richness was reduced in DSStreated mice, though the reduction was not statistically significant owing to large inter-mouse variability (Supplementary Table S4 , Supplementary Figure S5 ). This may be due to the relatively quick induction of acute colitis in the present experiment; loss of phylotype richness may occur most significantly over longer time scales in chronic, relapsing inflammatory disease.
Abundance of the two major phyla, Firmicutes and Bacteroidetes, and the dominant orders within these phyla, Clostridiales and Bacteroidales, respectively, remained stable irrespective of treatment or genotype. However, abundance of some higher-level bacterial groups (approximately family level) shifted in treated mice. DSS-treated mice of both genotypes had increased Bacteroidaceae, unclassified Clostridiales, Verrucomicrobaceae, and Deferribacteraceae, and decreased unclassified Bacteroidales and Rikenellaceae (Supplementary Figure S6) . Ruminococcaceae increased in DSS-treated STAT1 À / À mice and Enterobacteriaceae increased in DSS-treated wt mice. As facultative anaerobes, members of the Enterobacteriaceae may profit from increased oxygen availability or resistance to reactive oxygen species produced during inflammation. Increases in Enterobacteriaceae have been observed in human IBD and murine colitis as well as after antibiotic treatment and infection by enteric pathogens (Lupp et al., 2007; Hill et al., 2010; Stecher et al., 2010) . Because the relative abundance of Enterobacteriaceae increases under a variety of treatments, this group seems to be a general indicator of a disrupted intestinal microbiota, though not necessarily a trigger of colitis (Bloom et al., 2011) . Differences between DSS-treated wt and STAT1 À / À mice most likely reflect the differences observed in the degree of inflammation.
Dramatic dynamics within the abundant Lachnospiraceae Molecular surveys of intestinal microbiota commonly classify sequences to higher-level taxonomic groups (for example, phylum, order and family) to characterize community composition and dynamics (Ley et al., 2005; Frank et al., 2007; Lupp et al., 2007) . This approach assumes that all organisms belonging to the same taxon fill the same, or similar, ecological niche and display weak intra-taxon competition. A recent study of the mouse gut microbiota provided partial support for this assumption by demonstrating a relationship between phylogenetic similarity and co-occurrence, which has been succinctly captured by the maxim 'like will to like' (Stecher et al., 2010) . There is, however, no clear threshold for the level of genetic relatedness necessary for cohesive or repulsive ecological forces to act upon organisms (Achtman and Wagner, 2008) , and it is therefore impossible to predict a priori if all members of a phylogenetic group have similar functional properties.
To examine this at the level of phylogenetic resolution currently attainable with 454 sequencing reads of 16S rRNA genes, we used a similar approach as Stecher et al. (2010) to compare the correlation of phylotype relative abundances across mouse gut microbiota samples with their 16S rRNA sequence dissimilarity for all phylotype pairs. Relationships between most phylotype pairs at all levels of genetic distance seemed to be neutral in these mouse gut communities (Figure 2a ). Positive and negative correlations were nevertheless evident at all levels of genetic distance, but strong negative correlations, indicating antagonistic interactions, were hardly apparent for very similar phylotypes (495%). One example of antagonism between distantly related organisms in the human intestines is how Bacillus thuringiensis produces a narrow-spectrum bacteriocin, thuricin CD, which specifically targets Clostridium difficile (Rea et al., 2010) . Strong positive correlations of closely related phylotypes (495%) hint to the presence of groups of organisms that occupy a similar realized niche but do not compete with each other, whereas strong positive correlation of distantly related phylotypes are better explained either through convergence (independently evolved to occupy a similar niche) or through synergistic interactions (Webb et al., 2002) . An example of the latter would be functional cooperation of fermenting and hydrogen-consuming microorganisms from different bacterial or archaeal lineages in syntrophic substrate degradation, hypothetically exemplified in this study by the correlation (R ¼ 0.77) of a putatively fermenting phylotype (Bacteroidales OTU_12071) and a putatively hydrogen-scavenging, sulfate-reducing phylotype (Desulfovibrio OTU_9264).
Similar results were attained when repeating the correlation analysis using the Spearman coefficient (data not shown). It is unlikely that intragenomic variation in 16S rRNA gene copies bias our analysis because the most typical level of variation (o1% sequence divergence) (Acinas et al., 2004) is smaller than the phylotype clustering threshold (3% divergence).
We found that within-family correlations of phylotype pairs were strikingly divergent between families (Figure 2 ). The strength of within-family cohesion decreased with increasing within-family phylotype richness (R 2 ¼ 0.76), and, to a lesser extent, with increasing average genetic distance (R 2 ¼ 0.54) (Supplementary Figure S7) , such that low richness families (for example, Enterobacteriacae, Verrucomicrobaceae, Deferribacteraceae and Lactobacillaceae) were more cohesive than high richness families (for example, Lachnospiraceae and Ruminococcaceae) (Figure 2 ). The lack of cohesiveness in high richness families warns against inferring ecological properties based on high-level taxonomic groupings, such as is sometimes recommended (Philippot et al., 2010) , because it has the effect of reducing detection sensitivity by 'hiding' organisms that behave differently but are grouped in the same family.
We addressed this issue by applying an indicator phylotype approach, which uses the 16S rRNA (gene) 454 pyrosequencing data to its maximum resolution to identify significant changes in abundance for each phylotype. The phylotype indicator analysis produced 61 numerically important indicators of different 'ecological states' of the mouseintestinal microbiota symbiosis: treatment (untreated vs exposure to DSS) and/or genotype (wt vs STAT1 À / À ) ( Figure 3 ). There is evidence of phylogenetic clustering of some of these indicators. For example, all the indicator phylotypes in the Ruminococacceae and Bacteroidaceae were indicators for DSS-treated mice and non-Bacteroidaceae Bacteroidales were indicators for untreated mice (Figure 3 ). In agreement with the variability in the phylotype correlation analysis, however, the abundant clostridial family Lachnospiraceae included indicators for both DSS-treated and -untreated mice (Figure 4) .
Endpoint PCR-based and pyrosequencing-based approaches have inherent biases that can reduce the ability to consider the results quantitative (Polz and Cavanaugh, 1998; Gomez-Alvarez et al., 2009) . To confirm that members of the highly divergent and phylotype-rich Lachnospiraceae family have contrasting dynamics, we quantified the abundances of the two most abundant phylotypes (which share 93% sequence similarity over the V8-V9 region of the 16S rRNA) using FISH. These closely related phylotypes represent two as-yet-uncultivated taxa that were identified as indicators for different conditions: one phylotype (OTU_11021) drastically decreased during inflammation in both genotypes, whereas the other one (OTU_9468) drastically increased during inflammation in STAT1 À / À mice ( Figure 5 ). Quantitative FISH analysis with specific probes confirmed that the phylotypes dominated bacterial biomass in some mouse lumen samples (up to 460% of the bacterial bio-area) and were undetectable in other samples, and that the dramatic shifts in abundance occurred under different conditions for the two phylotypes ( Figure 5 ). Consistent with this observation, the metatranscriptome data also suggested shifting activity within the Lachnospiraceae, with increased abundance of Lachnospiraceae-affiliated transcripts related to regulation and cell signaling, carbohydrate metabolism and respiration, as well as decreased abundance for flagellumassociated transcripts in DSS-treated mice (Supplementary Figure S9) . The most parsimonious explanation for these changes in the metatranscriptome is the major shift in the abundance of the two Lachnospiraceae phylotypes, although it may theoretically also be caused by differential transcription of the same cell population and not shifting composition. The loss of potential Lachnospiraceae flagellin transcripts in colitis may be due to a response of the immune system. Flagellins bind to and activate the membrane bound toll-like receptor 5 and the cytosolic receptor IPAF, thus triggering a transcriptional cascade (Hayashi et al., 2001) . Lachnospiraceae flagellins have been identified as dominant antigens in Crohn's disease (Duck et al., 2007) and in spontaneous colitis in IL-10 À / À mice, during which there is a loss of a flagellated Lachnospiraceae with high similarity (99%) to Lachnospiraceae bacterium A4 (DQ789118) (Ye et al., 2008) . Although Lachnospiraceae phylotype OTU_11021, which in our study was an abundant colonizer of the healthy mouse gut but absent in DSS-treated mice, is only moderately related to Lachnospiraceae bacterium A4 (94% 16S rRNA sequence similarity), it is tempting to speculate that OTU_11021 cells are also flagellated.
Putative mucus-associated bacteria in DSS-induced colitis A subset of the intestinal microbiota benefits either obligately or facultatively from the degradation of host-derived mucus secretions (Hoskins and Boulding, 1981; Miller and Hoskins, 1981) . Mucus composition and secretion are altered in inflammation (Ehsanullah et al., 1982; Shirazi et al., 2000; Einerhand et al., 2002) and loss of mucus secretion and assembly of the major structural component, the mucin glycoprotein, can increase sensitivity to DSS and in some cases induce spontaneous colitis (Van der Sluis et al., 2006; Heazlewood et al., 2008; Park et al., 2009) . Additionally, there is some evidence that mucolytic bacteria and mucolytic activity are increased in inflammation (Png et al., 2010) . Consistent with this, we identified via pyrosequencing two mucus-degrading and/or -inhabiting phylotypes belonging to the genera Mucispirillum and Akkermansia, respectively, as indicators of DSS treatment and confirmed this by quantitative FISH (Figure 5 ). The closest cultured representative of the Mucispirillum phylotype is M. schaedleri, a distinctive spiral-shaped bacterium, which has been observed to be physically associated with the secreted mucus layer (Robertson et al., 2005) . Another member of this genus is a part of the gnotobiotic 'Altered Schaedler Flora' model (ASF 457) (Dewhirst et al., 1999) . Using specific FISH probes, we confirmed that the Mucispirillum phylotype in our mice also possesses a spiral morphology (Figure 5 ), which has been suggested to be an asset for movement through mucus (Berg and Turner, 1979) . Akkermansia is a frequently observed member of the human and animal gut microbiota and is believed to be a specialist in degradation of host-derived mucin (Derrien et al., 2004) . There are contradicting reports about shifts in the abundance of Akkermansia in human IBD (Derrien et al., 2008; Png et al., 2010) . Akkermansia benefits from both the disrupted environment caused by antibiotic treatment (Hill et al., 2010) and decreased supply of dietary derived nutrients, as has been observed in the fasting state of Syrian hamsters (Sonoyama et al., 2009 ) and pythons . In our study, the increased abundance of Akkermansia in DSStreated mice was accompanied by detection of Akkermansia transcripts associated with mucin degradation, including glycosyl hydrolases (families 2 and 31) and beta-N-acetylhexosaminidase (Supplementary Figure S10) . Furthermore, Akkermansia ruberythrin, an oxidative stress response protein that has been detected in the piglet gut (Poroyko et al., 2010) , increased in DSS-treated wt mice (Supplementary Figure S10) , which likely reflects that the mucin-degrading Akkermansia are exposed to reactive oxygen or nitrogen species during inflammation. Although abundance shifts of known mucin degraders and transcript profiling of mucin-foraging genes strongly implicates a shift in mucus degradation, a direct demonstration of mucus foraging in vivo is urgently needed to confirm these hypotheses and to determine whether other phylotypes also contribute to mucus degradation.
Conclusions
Acute inflammation induced by DSS treatment had a major impact on the intestinal microbiota of wt and STAT1
À / À mice marked by abundance shifts of higher-level taxonomic groups as well as phylotypes within the same family. Indicator phylotypes were identified for DSS-treated and -untreated mice, and among them putative mucus-degrading bacteria were increased in DSS-treated mice. Metatranscriptomic analysis demonstrated that the mucus degrader Akkermansia muciniphila expresses genes needed for mucin foraging and responds to inflammation by expressing the oxidative stress response protein ruberythrin.
Importantly, within-family variation in phylotype dynamics was observed and was particularly evident for the Lachnospiraceae, a family in which contrasting abundance shifts of dominant phylotypes were associated with a shift in transcriptional activity profiles. These data support our assertion that gut microbiota surveys strongly benefit from characterization at the level of maximum possible phylogenetic resolution and also highlight that lower resolution analyses (that is, at higher taxonomic levels) can fall short in detecting even large changes in phylotype abundances. In this context, it is worth bearing in mind that in some cases the 16S rRNA (gene)-based phylogenetic approach, even at the maximum possible level of resolution, still has insufficient resolution for detecting genetically similar organisms with divergent ecophysiology and health significance, such as between different virulent and commensal strains of Escherichia coli (Wirth et al., 2006) and even between Escherichia coli and Shigella species (Fukushima et al., 2002) .
In summary, this study provides the first comprehensive view into the structure and function of intestinal microbiota in the DSS-induced acute colitis mouse model and demonstrates the power of integrating maximum phylogenetic resolution (phylotype level) 16S rRNA sequence analysis with quantitative FISH and metatranscriptomics-a combination that promises to greatly increase our understanding of the roles of the intestinal microbiota in health and disease.
